INTRODUCTION
In general, the dividing cells of plants are located and distributed in regions of the roots and shoots known as meristems (1) . The Arabidopsis thaliana root meristem consists of a quiescent centre (QC) and initial cells. The QC acts as an organizing centre, whereas initial cells serve as stem cells (2) (3) (4) for all tissues and promote growth in the roots (5) . Ablation studies have demonstrated that QC prevents the differentiation of columella initial cells (3) . To date, researchers have determined that QC plays a primary role in meristem maintenance in Arabidopsis root and that these QC are associated with the SCR, SHR, and WOX5 genes (6) (7) (8) (9) . Plant hormones are associated with QC division and maintain meristem activity in the root stem cell niche (10, 11) . Endogenous and exogenous ethylene-mediated signals control QC division during the postembryonic stage of the plant life cycle (11) . Furthermore, abscisic acid (ABA) plays a key role in the developmental status of the plant over the entire life span, especially during seed development and dormancy, and it responds to diverse environmental stresses (12) (13) (14) . ABA has been established as an inhibitor of root growth based on its effects on root elongation and lateral root initiation. However, few studies have reported enhanced root growth in the presence of low concentrations of ABA (15) (16) (17) . It was reported earlier that fluridone is an inhibitor of phytoene desaturase, which converts phytoene to carotene (18, 19) . Considering the above, this study examined the effects of exogenous fluridone and ABA on the development of the Arabidopsis root stem cell niche and investigated in detail whether or not fluridone promotes QC division in the Arabidopsis root meristem accompanied by extra columella cell layers.
RESULTS AND DISCUSSION

Fluridone promotes QC division in the Arabidopsis root meristem
The central part of plant root stem cells contains a QC surrounded by initial cells, which in total are referred to as the meristem (Fig. 1a) . The QC rarely divides under normal conditions, but initial cells are able to divide (e.g., for plant growth) throughout their life span. To determine the effect of fluridone in Arabidopsis, we germinated Col-0 wild-type in PANG2 medium for 3 days and then transferred it to PANG2 medium containing fluridone (Flu+). Seedlings of Arabidopsis roots grown in PANG2 medium (Fig. 1b) did not show QC division even after 10 days of germination, whereas it was clearly observed in seedlings germinated in Flu+ medium (Fig. 1c , white arrows). Transverse section of germinated seedling showed a four-celled QC in longitudinal view. In addition, we also determined the QC division ratio of seedlings incubated in 10 μM fluridone-supplemented medium for 10 DAG. QC division (60%) was observed in the roots of these seedlings, whereas wild-type did not show any such division (n = 50) (Fig. 1d) . http://bmbreports.org WOX5 expression was initiated in embryonic cells and gave rise to QC formation. This finding is consistent with other reports that also found that WOX5 expression is consistently observed in the QC during postembryonic root growth (8) . Therefore, we used a WOX5p::GFP construct to determine the general effects of fluridone on QC division and specifically whether or not fluridone stimulates QC division. Seedlings showed that WOX5p::GFP was strongly expressed in the single layer of QC cells (Fig. 2a) . In contrast, seedlings grown on Flu+ medium indicated that WOX5p::GFP was expressed in the extra layer of QC cells (Fig. 2b) . SCR is a transcription factor that is accumulated in the QC and has been demonstrated to be essential for development (20) (Fig. 2c) . SCR was detected in the double layer of QC cells in seedlings grown on Flu+ medium (Fig. 2d) . SHR is a transcription factor usually expressed in the stele (21) , and its expression was also investigated and observed in our study on PANG2 and Flu+2 medium (Fig. 2e) . Seedlings cultured in Flu+ medium clearly revealed QC division (Fig. 2f) .
ABA affects QC quiescence in the Arabidopsis root meristem, which in turn affects QC division. Differentiated columella cells accumulate starch within amyloplast organelles in the root tip for root gravitropism (22, 23) . To determine whether or not the extra cells that form in Flu+ medium function as QC cells, we tested their ability to regulate differentiation in the surrounding initial cells (4) . Ablation studies have previously revealed that QC cells in Arabidopsis roots promote earlier differentiation of columella initial cells and have detected (by Lugol staining) the starch grains of columella cells instead of columella initial cells (24) . In the present study, seedlings grown in the presence of ABA and fluridone and stained with Lugol revealed a single layer of unstained cells below the supernumerary cells in PANG2, ABA, and fluridone-treated roots (Fig. 2e, f and g ). These additional cells produced in the QC in Flu+ medium displayed both functions and characteristics similar to those of the QC.
ABA suppresses QC division in a dose-dependent manner
Exogenous exposure to fluridone is expected to promote division in the QC during plant development. However, fluridone, as a common ABA biosynthesis inhibitor, presents questions regarding the ability of exogenous ABA to suppress QC division and whether or not it affects the Arabidopsis root meristem in a dose-dependent manner. To confirm this, we tested seedlings grown in media supplemented with various concen-http://bmbreports.org BMB reports trations of ABA and predicted a 10% decrease in the QC division ratio with 5 nM (least concentration) ABA (Fig. 3a) . Interestingly, the QC division ratio slightly decreased with increased ABA concentrations, and there was 0% QC division at 5,000 nM ABA. Therefore, it was concluded that ABA suppressed QC in a dose-dependent manner.
There is a growing hypothesis that fluridone might also participate in other pathways that control QC division and not really act as an inhibitor of ABA. Therefore, we investigated whether or not QC division could be controlled in ABA-deficient mutants (e.g., abi1-1, abi3-2) (25) as well as any other reasons for this phenomenon. If the QC division phenotype of fluridone was caused by the absence of ABA, then ABA-deficient mutants would be characterized by increased supernumerary divisions in the QC. We observed extra QC cell division in ABA-deficient mutants grown in PANG2 medium without fluridone supplementation (Fig. 3b) , which suggests that ABA and QC division were associated.
Fluridone changes cellular pattern of the stem cell niche
We also investigated fluridone-induced cell division of the QC in Arabidopsis root and also whether or not such cell division increases the number of columella cell layers. Plants grown in the presence of aminoethoxyvinylglycine (AVG) display inhibited ethylene synthesis and reportedly develop fewer columella layers (11) . To identify the effects of fluridone on columella cell layers, we monitored the Arabidopsis root stem cell niche. We hypothesised that the addition of fluridone would induce additional QC division, which could affect the number of columella cell layers. Therefore, we counted the number of columella cell layers in Flu+ and PANG2 medium as a measure of cell division in the QC. We observed that the seedlings grown in Flu+ medium had more layers of columella cells than those grown in basic medium (Fig. 4a) . This additional division in Flu+ medium resulted in increased development of columella layers compared to the seedlings grown in PANG2 (Fig. 4b) . Plants grown in media without fluridone showed 4.83 ± 0.37 (SD) layers, whereas seedlings cultured in the presence of fluridone (1 μM of flu) displayed 5.3 ± 0.59 (SD) layers. The results shown here suggest that cell division in the QC was regulated by both fluridone and ABA.
Our results reveal that fluridone modulated QC division and enhanced columella cell layer formation, whereas exogenous ABA suppressed QC division. The results also suggest that fluridone and ABA were involved in Arabidopsis root meristem maintenance.
MATERIALS AND METHODS
Plant materials and growth conditions
Seeds of Arabidopsis thaliana ecotype Col-0, Ler-0, ABA-deficient mutants, aba1-1, and aba3-2 (25) were used in the experiments. SHRp::GFP and SCRp::GFP were obtained from Philip N. Benfey (Duke University), and WOX5p::GFP from Ben Scheres and Renze Heidstra (University of Utrecht). Arabidopsis seeds were surface-sterilized with 80% ethanol and 1% active NaClO for 10 min, followed by three washes with 100% ethanol. The seeds were dried in a flow hood and placed on the surface of agar-solidified medium. All media (PANG2) used in this study was of the following basic composition: 1.5 mM CaCl2, 1.0 mM NaH2PO4, 0. 
Confocal microscopy
Whole seedlings were stained with 10 μg ml -1 of propidium iodide (PI; Sigma), mounted in water under glass cover slips, and then analyzed for PI using a confocal laser scanning microscope (Carl Zeiss LSM 510 META NLO, Germany).
Starch staining
For starch staining of roots, tissues were incubated in Lugol's solution (Sigma) for 5 to 10 min and then mounted in 20% glycerol for microscopic analysis.
